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Abstract
This report details the mathematical theory behind vibration such as signals and Fourier Transforms, as well as detailing how the issue of vibration is tackled within the engineering sector. Also investigated are the effects of vibrations on the human body and how this is managed and controlled within the workplace, together with exactly how vibration can cause bodily harm. The report then goes on to describe the effects of vibration on a motorcycle including the handling issues it causes and then analyses data to understand what is happening to the motorcycle when the vibrations take place, as well as what the rider feels at this point. This was all completed with the aim of understanding vibrational effects in motorcycles and how the performance of the bike could be improved to reduce the vibrations felt by the rider. Finally, the report concludes with the effects of the coronavirus pandemic on the project in question and how the project will move forward after reflecting on the progress made so far.
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1. Project Introduction
1.1 Subject Overview
The topic decided upon to base the project around was vibration and the analysis of how it affects motorcycles. Vibration within motorcycles is something of an unknown quantity in many regards due to the fact that many do not engineers have an in depth understanding of the topic. It was felt that this area should be researched further in order to gain a greater understanding of the effects that vibration can have on both the rider and the motorcycle itself. The type of engineers that take an in depth look at vibration are members of main motorcycle race team manufacturers in the MotoGP championship such as Honda, Ducati and Yamaha as well as some road-going motorcycle designers, that make sure there is not an obvious safety risk due to vibrations (Cecutti & Seriani, 2019). Vibration impacting on a motorcycle has two main direct sources, the first being the surface upon which the bike is being ridden and the second being the engine powering the motorcycle (Robinson, 1997) – more information on this can be seen in section 2.2.1 on signals. These two main causes of vibration then cause physical effects on the rider and also on the structure of the motorcycle, causing the handling to be affected. 

1.2 Aims & Objectives
The overall aim of this project was to find ways in which the motorcycle handling (and in turn the effects on the rider) could be improved via the reduction in vibration magnitude and frequencies. This could potentially be reached through either bike set up or a complete redesign of a bike that may have areas in which it could be improved. To begin to achieve this goal would then require an in-depth investigation into the background theory of vibration before completing the first half of the main investigative body of work. This involved conducting FFT (Fast Fourier Transform) analysis of data provided from accelerometers connected to a motorcycle data logging system to identify how vibration changes and potentially effects handling when on track as well as what vibrational magnitudes are being produced when riding on track. Once this data had been acquired and analysed the vibration of the bike in question could then be measured in the second half of the main body of work. This would be done using an LDV (Laser Doppler Vibrometer) machine to determine the resonant frequencies of some materials and how different components of the motorcycle react differently in terms of vibrational frequencies. It is important to understand how the different areas of the motorcycle react to vibration as the vibrations will travel through each medium before it reaches either the contact patch with the road or contact with the rider via the handlebars, foot pegs or seat. Once the experiment was conducted it could have been possible to construct a computerised design model of the motorcycle or some partial assemblies in order to create an FEA (Finite Element Analysis) structure and conduct some more analysis on the assemblies of the chosen motorcycle. Once this was completed the areas for design improvement could be selected and then a redesign could be conducted with more FEA and LDV tests being done to see if improvements had been made. The bike could then be taken back to the same track in order to see whether the improvements were clear to see in real world data, hence achieving the goal. It was obvious that all of this work could not be completed within the space of one academic year, which is why the decision was made to extend the length of the project to two years. That meant this year’s project would be reduced in size with three main objectives set out. The first would be conduct large amounts of research into the theory behind vibration, how it can affect motorcycles and the existing solutions to vibrational issues. The second was to complete analysis from a motorcycle data logger fitted with accelerometers and the final objective was to conduct vibrational testing using the LDV machines on the same bike which carried the data logger from objective two. 

1.3 Structure of This Report
The structure of this report will include all research that was conducted throughout the first semester along with the data logger analysis. The project was always expected to take longer than one year to fully complete due to the volume of work required but unfortunately the project took a back seat to other assignments due between January and March. Once these other required assignments were completed the coronavirus crisis then struck, the pandemic ruined the majority of later plans such as conducting the LDV experiment. This meant the project itself had to adapt and became much more theoretical rather than practical, which is why much of this report will revolve around the research undertaken in the first half of the academic year. All of this information regarding the disruption due to the health crisis will be detailed in its own section. The coronavirus crisis however has not ended this project as it will continue next year with the master’s degree project with more tests, designs and hopefully the on-track improvements finally being shown in real world conditions. Finally, conclusions to the project for this year will be discussed at the end of the report in order to bring closure to what has been a rather disjointed but interesting major project with promising information that can be used to move forwards towards the final goal in the future.
2. Research Conducted
In this section all research that was conducted surrounding the project will be discussed such as all the mathematical theory behind vibration and how this can be applied to the engineering world, as well as how the human body can be affected when exposed to varying levels of vibration.

2.1 Vibration in Engineering
As has been previously discussed, vibration is a widely unknown quantity within the motorcycle world however when it comes to engineering there are many different areas where vibration becomes even more crucial. Many of these areas where vibration is extremely important are when designing large structures to be used in public environments such as buildings bridges or railway lines (CIVIL ENGINEERING, n.d.). It is absolutely vital that structures such as these are undeniably safe, as the results could be catastrophic should something go wrong. 

There are many causes of different types of vibrations in this area such as footfall induced floor vibrations (caused by people), wind induced lateral vibrations in taller buildings and floor-borne vibrations caused by either heavy or large amounts of vehicles (Structural vibration, 2018). The floor-borne vibrations need careful consideration during the design stage of a structure as research needs to be conducted based on the railway lines or subways in the surrounding area. The amount of vehicle traffic in the surrounding area that could cause vibrations throughout the base of a building also needs researched when conducting a building design, in order to determine what kind of structure can be created to suppress those potential vibrations. A similar system is also followed for areas of the world that suffer from earthquakes which obviously cause a lot more vibration than traffic, in this case large dampers are placed into the building’s base structure to reduce the damage caused by the earthquake (Vibration, 2019). A damper is a device used to suppress and slow high frequency movements down to lower frequencies and are also known as ‘suspension’ or ‘shock absorbers’ and are used to stop wheels from bouncing on cars and motorcycles. The floor vibrations however are the most common form of structural vibrations seen in these buildings due to the large numbers of people normally walking around inside them. As new buildings are created with new modern stylings such as lightweight flooring this safety factor must be considered too when designing in order to avoid a structural failure caused by those vibrations. One notable situation where a vibrational issue occurred within a public environment was on the Millennium Bridge in London. The 320-metre-long bridge was opened on June 10th in 2000 as the city’s first new Thames crossing for over one hundred years. However the new landmark bridge opening did not run smoothly, in this case the aluminium structure couldn’t cope with the near 80,000 people walking along the bridge on its opening day and due to a fault with the design the bridge created resonance waves caused by the footstep induced vibrations (BBC News | In Depth | Millennium Bridge, n.d.). As the footsteps caused a lateral wobble movement within the bridge decking, the people walking along the bridge naturally retimed their steps to walk in time with the bridge’s wobble. This change in rhythm would only increase the amount of wobble however and as more and more of the crowd began to retime their step patterns the problem just continued to escalate. In order to stop this from happening and safeguard the public the bridge was then closed for two years in order to devise a solution to the issue. The solution that was produced was to use viscous dampers and mass-spring dampers together in tandem on the bridge structure – shown in figure 1. These dampers would be used to dampen the vibrations by absorbing the forces applied by the large number of footsteps and reduce the frequency at which the bridge will move, hence suppressing the lateral movement that caused the large wobble.
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Fig.1 – Before & After Photos of Millennium Bridge Showing Damping Mechanisms (BBC News | In Depth | Millennium Bridge, n.d.).





2.2 Mathematics Behind Vibration
Vibration is a highly complex subject involving many different areas of mathematics. In this section the theoretical section of vibration within this project such as RMS values, Fast Fourier Transforms and Discrete Fourier Transforms will be discussed and explained.

2.2.1 Signals
In terms of vibration, a dynamic signal is any physical entity which changes over the course of time (Brandt, 2013), such as force acting upon a car suspension being driven along the road (hence causing a vibration) or the displacement of the handle on a vibrating pneumatic drill. Signals are generally separated into three different sections based on their frequencies – periodic signals, random signals and transient signals. Periodic-type signals repeat over a set time period, while values in random signals are independent of any previous values within the signal, meaning they don’t repeat. Meanwhile, transient signals have a limited length meaning they will cease to exist after a certain amount of time. Some important terms when it comes to analysing signals are the amplitude, angular frequency, phase and time period, all of these terms are found in the most simplistic periodic signal – the sine wave. The amplitude of a signal is the peak value when the signal is shown on a graph (see figure 2) while the angular frequency, measured in radians per second (rad/s), is usually swapped for standard frequency, measured in Hertz (Hz), in accordance with the relationship shown in equation 1. The phase is then the value at which the signal is shifted along the x-axis (usually as a fraction of pi). The frequency and the time period are very similar, in the fact the time period is the reciprocal of the frequency and vice versa, the time period allows for the periodic signal to be better understood as it is the time value after which the signal pattern will restart.
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Fig.2 – Sine Wave with Amplitude of A=5, Frequency f=10Hz and Phase =/4 (Brandt, 2013)
 
Equation 1

In terms of this project the main two types of signal will be the periodic and random signals (examples shown in figure 3) only due to their links with the two causes of motorcycle vibration, the motorcycle engine (periodic) and road surface (random). The surface beneath the tyres provides very sporadic vibration (causing the random signal) due to the different bumps or uneven points on a road. Once this specific point has been passed, it is unlikely that this exact same section of road will be hit again in order to give the same vibration magnitude or frequency response, this is unless an inch perfect rider could repeat the exact same line for more than one lap of a track and hence giving the repeated response of a periodic signal. A periodic signal is the same type of response which is seen when the engine vibration is measured. Due to the repetitive nature of an internal combustion engine as found on a motorcycle the vibration signal will also be repetitive as the engine produces more vibration at different sections of its cycle due to changes in gas pressure, reciprocating mass and inertia forces.
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Fig.3 – Examples of Periodic (Left) and Random (right) Signals (Maina, Muhia & Opondo, 2016) 






2.2.2 RMS Value
The root mean square (RMS) value of a signal is a crucial value due to the fact that different signals cannot be compared through one parameter without any calculations being completed and this is where the RMS value is used. The RMS value of a signal is used for comparing signals and determining which one is larger than the other. An example of this number in use can be seen later in this report in section 2.3.3. The formula for the calculated RMS value of a signal x(t) is shown in equation 2 below based on an averaging time of  seconds.

 
Equation 2

The origin of the RMS actually comes from electrical circuits and is linked to the average power of the circuit dissipating through a resistor (Brandt, 2013) and so the formula for the average power shown in equation 3 is also remarkably similar to that of the RMS value in equation 2. If the AC voltage in the circuit, u(t), is replaced with a DC voltage uDC equal to uRMS when referred to equation 2 then the mean power would be equivalent and this would then mean that the heat dissipated by the resistance would also be the same. An example of the type of circuit used in equation 3 and how the symbols used relate to the circuit can be seen in figure 4.
 
Equation 3
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Fig.4 – Electrical Circuit (Brandt, 2013)
2.2.3 Laplace & Fourier Transforms
The Laplace Transform is a mathematical tool that is used to solve systems that have been defined using complex differential equations (Brandt, 2013) but in a vibrational sense it is easily relatable to the Fourier transforms which can be used in analysis of frequency spectra. The Laplace Transform as an algebraic entity for a signal, x(t), is defined as L[x(t)] = X(s) and is shown in equation 4 below where the variable  is a complex number known as the Laplace operator.

Equation 4

The Continuous Fourier Transform, X(f), (equation 5) is formed from the basis of the Laplace transform shown in equation 4 and is used in the frequency analysis of random and transient signals, the Inverse Fourier Transform can also be used to get the time signal x(t) as seen in equation 6. 

Equation 5


Equation 6

From the Continuous Fourier Transform another form can be created called the Discrete Fourier Transform (DFT), X(k), as shown in equation 7. From the DFT the Fast Fourier Transform (FFT) can also be created as an abbreviation of the DFT in the form of several algorithms that compute the DFT (Brandt, 2013). The FFT is then used in order to analyse vibrational magnitudes in terms of frequencies as opposed to in terms of time, as seen in section 3 of this report when data from a motorcycle data logger was analysed. The FFT significantly shortens the original DFT process by assuming the length of the signal is a multiple of two, hence removing some redundant areas of the calculation (Collins, 2019). Although the FFT is not as accurate as the DFT due to it only being an assumption, it is accurate enough to use within analysis.


Equation 7

2.3 Effects of Vibration on the Human Body
One area of interest when it comes to vibration is the effect on the human body when exposed to different magnitudes of vibration at varying frequencies. Vibrational effects on the human body will occur when a part of the body comes into contact with an object which is vibrating, for example on a motorcycle the body’s main points of contact are via the seat, handlebars and the foot pegs. Due to these contact points of the bike normally controlling a rider’s input into steering, any effect on the body at these points can cause safety issues when handling the machine as shown in this section of the report. 

2.3.1 EU Directive on Vibration
Vibration is an issue that can affect any member of the public at any time no matter whether they are relaxing, doing a leisurely activity such as riding a motorcycle or operating a piece of machinery in the workplace. This is why on June 25th 2002 the European Union Agency for Safety and Health at Work published a directive safeguarding workers from excess exposure to vibration within the workplace (Directive 2002/44/EC - vibration - Safety and Health at Work - EU-OSHA, n.d.), proving that vibrational effects were a health and safety issue to be taken seriously. In order to enforce this rule, the terms Exposure Action Value (EAV) and Exposure Limit Value (ELV) were defined to give limits to what workers could be subjected to over the course of an eight-hour working shift. However, depending on the length of time the worker is vulnerable to the effects of vibration, the EAV and ELV change as shown in figure 5 below.  
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Fig.5 – How EAV & ELV Values Change Over Time (Reactec, n.d.)
The directive was also split into two other distinct sections, hand-arm vibration and whole-body vibration, depending on where exactly the worker’s body was in contact with the vibrating object. The maximum value for the EAV over the course of the eight-hour shift for hand-arm vibration was a magnitude of 2.5 m/s2 while the value stated for the ELV was double the EAV at a magnitude of 5 m/s2, however nothing was mentioned about frequencies of vibration (Exposure Points System Explained, n.d.). The values do alter somewhat when considering the aspect of whole-body vibration with the ELV at 1.15 m/s2 in the x and y axis and 0.8 m/s2 in the z axis, while the EAV is at 0.5 m/s2 in all directions (Measuring Motorbike Vibrations, n.d.). The EAV value meant that an employer had to take some form of action to reduce the vibration an employee was being exposed to if any worker was working with equipment above the allowed EAV value. The ELV value was the absolute maximum that any worker could be exposed to over the course of any working day and should not be exceeded under any circumstance. Now that these values had been outlined, it was mandatory that they were followed by all EU member states as law which was in turn followed by all companies to safeguard their employee safety from the health effects outlined below.

2.3.2 Health Effects Caused by Vibration
There are many health issues caused by vibration and they are usually dependent on those contact points that had previously been explained at the beginning of this sub-chapter. One of the main issues caused by exposure to vibration in the hands or arms is Hand Arm Vibration Syndrome (HAVS). This usually comes from high levels of exposure to vibration via the hands or arms after using high powered machines like handheld power tools and affects the blood vessels, nerves, joints and muscles throughout the hands and arms (Hand-Arm Vibration Advice for Employees, 2008). This ailment can be severely disabling should it be ignored emphasising the need to follow the previously mentioned EU directive from section 2.3.1.

A similar ailment to HAVS is Carpal Tunnel Syndrome (CTS). CTS affects the feeling within the hand due to pressure being applied upon the median nerve which runs through the carpal tunnel section of the forearm and into the hand causing numbness (Carpal Tunnel Syndrome: Risk Factors, Symptoms & Treatment, n.d.), as shown in figure 6. One of the main causes of CTS, alongside repetitive movement of the wrist muscles, is hand-arm vibration which causes swelling of the nerve itself and in the tissue surrounding the nerve (Carpal Tunnel, n.d.). Within a motorcycle riding sense, the symptoms such as hand and arm numbness also make controlling a motorcycle essentially impossible. It is possible for road riders to suffer with CTS, however it is most prominently seen in motorcycle racers for example within MotoGP – motorcycle racing’s premier class. MotoGP bikes are the peak of motorcycling performance boasting speeds of nearly 220 miles per hour, providing over 250 horsepower and weighing nearly 200 kilograms (Ducati Team MotoGP: Bike, 2020) so it’s understandable that these bikes would be difficult to control without suffering from CTS. It is also no wonder that many riders have suffered from CTS over recent years contributed by the engine vibrations from the high-powered machines with world champions such as Dani Pedrosa, Jorge Lorenzo and Casey Stoner all becoming victims of severe CTS (Allison, 2019), proving just how problematic vibration can be when riding a motorcycle. Most riders have an operation to relieve the issues caused by carpal tunnel by creating a slit in the arm to relieve the pressure built up around the median nerve and this can then halt the rider’s progress for multiple weeks, potentially missing multiple world championship events. If it was then possible to somehow limit the potential for the bike’s vibration to affect a rider’s arms in such a way via engineering, it would definitely be worth doing to improve not only rider safety but it could also potentially save a world championship winning season.
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Fig.6 – Diagram of the Carpal Tunnel (Cleveland Clinic, n.d.)
2.3.3 Previously Conducted Studies Within This Subject Area
Some research has already been conducted into the vibrational effects on people across a wide variety of motorcycle types, roads and also looked at various members of the public who ride motorcycles either recreationally or as part of their job. One of these studies was done by Professor Sridhar at the PES College of Engineering in India (published in 2010) who also detailed the different type of effects that took place on the human body depending on the vibrational frequencies (shown in table 1), and then linked this in turn with the usage of motorcycles on varying road types. The four different motorcycles used were relatively similar in terms of engine size (between 99 and 150 cc) in order to keep the testing relatively fair, however the seven different road types were shown to be differing levels of roughness in table 2 to show how different vibrations are produced on varying road surfaces. The vibrations in this experiment were measured using accelerometers placed on the handlebars and the seat unit of the motorcycles in order to simulate what a rider would feel in terms of hand-arm and whole-body vibration.
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Table 1 – Frequency of Vibration and Effects on Human Body (Sridhar, 2010)
[image: ]








Table 2 – Differing Road Surfaces Throughout the Experiment (Sridhar, 2010)
The outcome of the experiment in terms of whole-body and hand-arm vibration can be seen in figures 7 and 8 respectively. As would be expected, the vibration magnitudes increase as the roughness of the road increases, but something important to note is how high these magnitudes can get in terms of RMS values, maximums and minimums and when this is compared back to the EAV and ELV magnitudes back in section 2.3.1 there is clearly a safety issue here. The other worrying fact from this data is also that these maximum values in both types of vibration take place within the region of 30 Hz according to Professor Sridhar, when referring back to table 1 this is also worrying as frequencies in this area can ‘degrade manual and visual controls’. As these are only maximum values, and it is unclear as to how long these levels of vibration are exposed to the rider for, it is still something which could cause damage if the rider is using the machine for a long period of time such as an all-day work shift as a police officer. Another point to consider is that both types of vibration also act in tandem with each other as the rider will experience both at the same time, meaning the rider could actually be causing more damage to themselves than they realise at the time of riding.
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Fig.7 – Whole-Body Vibrations Measured (Sridhar, 2010)
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Fig.8 – Hand-Arm Vibrations Measured (Sridhar, 2010)
The high values measured during the data published by Professor Sridhar are also backed up by a different study conducted in Germany at a university in Osnabruck. This study however was conducted in a different sense to the one completed in India, as this one investigates different areas including vibration testing done on a wide variety of riders and motorcycles as well as a survey. The university gathered data from the riders in the survey based on their feelings about vibration and whether they feel any vibrational effects after using their motorcycle. A total of 217 riders (94% male) took part in the survey and 83% of riders involved stated that they had felt some form of physical effects following riding their motorcycle, with 12% of those suffering from some form of circulatory issue in their hands. Although, despite these issues two thirds of riders also felt that the vibrations did not affect them. 
The range of motorcycles included in the vibrational testing included single, two- and four-cylinder machines ranging in displacement from 300 up to 1340cc. The bikes were also a variety of ages with a difference of 47 years between the oldest and youngest. A variety of riders were also used in this testing process ranging in age, height and weight to give varied results. Much like the study conducted by Professor Sridhar, accelerometers were positioned on the handlebars and seat to measure the hand-arm and whole-body vibration magnitudes however in this case accelerometers were also placed upon the foot pegs to add to the whole-body vibration measurements. The results for the testing in all vehicles tested and their current speed are shown in figures 9 to 11 below with the red line showing the EAV and the yellow line showing the ELV from the EU directive in section 2.3.1. It can also be seen in the data that an Audi A4 was added into the data for form of comparison, showing that motorcycles suffer from much higher vibration levels than in cars. 

One of the conclusions that can be drawn from this data is that in most cases all vehicles will go above the ELV and in some cases the EAV is surpassed by quite a big margin for example on the Ducati M900 from 2001. It can also be determined from the data in figure 10 that the vibration magnitude increases proportionally with velocity in almost all cases. It is also important to note that the data can be influenced by each rider’s style of riding, seat positioning and posture as different positionings could dampen the vibrations or cause more vibrations. The data also shows that the age of the bike can cause increased vibrations with older models producing stronger vibrations, with single cylinder machines also producing the larger magnitudes compared to the bikes with a higher number of cylinders. The most important thing to note however is how high the magnitudes are across all areas which causes danger to the rider as backed up by the survey and in turn backs up the argument made by Professor Sridhar in his published study.
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Fig.9 – Hand-Arm Vibrations Measured Over All Vehicles at the Handlebars (Adamek & Schroter, 2016)
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Fig.10 – Whole-Body Vibrations Measured Over All Vehicles at the Seat Unit (Adamek & Schroter, 2016)
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Fig.11 – Whole-Body Vibrations Measured Over All Vehicles at the Foot Pegs (Adamek & Schroter, 2016)

2.4 How Vibration Can Affect Motorcycle Handling
As previously explained, there are many issues involved in motorcycle handling that are caused by vibration both on the road and on the track, for example wobble and weave where the bike is being pushed to the limit. These will all be discussed in this section including some high-profile cases which caused some significant engineering crises and how they were or could potentially be solved.

2.4.1 Theory Behind Wobble & Weave
Wobble and weave are two vibrational modes posed on a bike that make it extremely difficult and dangerous to ride and are caused by the motorcycle’s geometry and design. The idea of wobble and weave may be termed collectively, however the two processes themselves are relative opposites. Wobble is the idea of the front of the motorcycle oscillating, rotating around the front steering axis of the motorcycle in which the oscillations will usually become unstable at low to medium speeds of between 10-20m/s or between 22 and 45 miles per hour. Weave is the idea of an oscillation of the whole motorcycle, mainly the rear end, and usually becomes stable at lower speeds of up to 7-8 m/s or around 18 miles per hour (Cossalter, 2006). The oscillations found in the wobble situation also range between 4 Hz and 10 Hz depending on the weight of the motorcycle, with lighter bikes seeing higher frequencies of oscillation, the natural frequency of weave also ranges between 0 and 4 Hz at higher speeds. Diagrams of the ideas of wobble and weave can be seen in figure 12 below.
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Fig.12 – Diagrams of Wobble (left) and Weave (right) (Cossalter, 2006)

Due to wobble only being a bigger issue at lower speeds it can normally be damped out of becoming unstable using a part known as a steering damper – seen in figure 13. The steering damper is mounted to the frame of the motorcycle and was designed to dampen the unwanted oscillations caused by the front-end wobble with the diagram in figure 14 proving using a steering damper does indeed help reduce the wobble oscillations especially at higher speeds. It works in a similar way to a set of motorcycle front forks as the movement of oil through a set of shims and a valve determines the speed at which the damper moves - the harder it is for the oil to flow through and the shaft to move, the more the unstable oscillations are damped therefore increasing the stability of the handling.
[image: Ohlins Steering Damper Kit for Panigale 959 16-18 (SD040 ...]








Fig.13 – Ohlins Steering Damper (Solomotoparts, u.d.)
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Fig.14 – How Damping Changes in Wobble with Steering Damper Added (Cossalter, 2006)

The lower damping ratio at the higher speed in figure 14 is something to note as according to the graph in figure 15 (depicting a multi-body model of the bike with 11 degrees of freedom with the motorcycle running in a straight line – depicted in figure 16) the wobble frequency remains constant after the motorcycle reaches a speed of 10 m/s. However, at this point the motorcycle becomes increasingly unstable as the speed increases, proving wobble can cause big issues at higher speeds. The Weave also does a similar thing, however the rise in instability isn’t as steep and so the bike remains stable at the higher speeds while running in a straight line. 
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Fig.15 – Frequencies & Stabilities of Different Vibrational Modes Depending on Speed (Cossalter, 2006)
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Fig.16 – Diagram Depicting All 11 Degrees of Freedom on the Motorcycle (Cossalter, 2006)


The increase in instability is due to the roots of an equilibrium equation (based on the one degree of freedom model) for both wobble and weave, known as the eigenvalue, changing due to the velocity of the motorcycle changing. The derivations for the equilibrium equations firstly for wobble and then weave can be seen in appendix 1, these are aided by the two geometric diagrams in figures 17 (front of bike for wobble) and 18 (rear of bike for weave).
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Fig.17 – Geometric Diagram of Front of Motorcycle (Cossalter, 2006)
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Fig.18 – Geometric Diagram of Rear of Motorcycle (Cossalter, 2006)


2.4.2 Wobble Case Study – Marco Melandri
One notable case of the highly unstable higher speed Wobble was firstly on display in the Australian round of the 2018 World Superbike Championship at the Philip Island circuit (Ritchie, 2018). Italian rider Marco Melandri was riding the Ducati Panigale V-Twin machine at the front of the race. Coming onto the start finish straight, as the bike picked up speed, it began to go into an extremely unstable high-speed wobble (Cummings, 2020). This issue caused Melandri and the team huge problems at the first round of the season and despite efforts to combat the issue it continued to plague them throughout the season at tracks where the bike would experience high speeds on long straight sections of track. Melandri made clear in an interview how bad these vibrational issues he was experiencing were at the Assen round in Holland, where he stated he had breathing issues, struggled to stand up on the footrests and found it impossible to fully open the throttle down the straights (Ritchie, 2018). Melandri also found this difficult at the Buriram circuit in Thailand which boasts a one kilometre long straight (Buriram United International Circuit, n.d.) where he confirmed in another interview that he struggled with the wobble more after the first three laps of the race, as he went from being in the leading group of riders to dropping further back to finish in eighth place due to the stability issues (Ritchie, 2018).

An interesting point to note from these issues is that the Italian’s Welsh teammate Chaz Davies, who rides the exact same machine as Melandri except for some geometrical setup changes done at the circuit, does not experience this terribly unstable wobble felt by the Italian. There is a large difference between the two in terms of height and hence a large mass difference as Melandri sits at 1.66 metres and 66 kilograms (Marco Melandri - Player Profile - Superbikes, n.d.) while Davies measures in at 1.83 metres and 70 kilograms (Klein, 2020). This is likely something that could be a major cause of these instability issues Melandri faces due to the difference in centre of gravity positions. This is not the only reason for the instability however, as it is only in this particular situation that the Italian rider is suffering these issues despite riding a variety of bikes in the past, for example the 800cc Honda RC211V in the MotoGP class back in 2006.

The original geometry of the Ducati Panigale 1199 V-Twin is certainly something to do with the problems Melandri’s team have been facing, both in terms of the original design and how that has been modified due to trackside setup changes. The exact setup of the bike for these world championship rounds are naturally undisclosed to anybody outside of the team, however as the race motorcycle is largely based off of the road-legal 1199 Panigale, the data from this motorcycle can be used for this purpose. The first place to start when analysing these issues are what effects different geometric parameters can have on the Wobble if they are altered via setup changes. This information is shown in figure 19 below with the shading of each bar denoting the current velocity of the bike whether it be 10, 30 or 60 m/s with the darker colour being the fastest speed. Looking towards the information in figure 19 there are three main issues of note to discuss as to how Melandri’s motorcycle could become unstable while Chaz Davies’ would remain stable – caster angle, height of the motorcycle mass centre and the mechanical trail. Other examples which majorly affect the stability at higher speeds, such as wheel radii or tyre stiffnesses cannot be changed between bikes due to rules within the World Superbike Championship regarding motorcycle specifications. MotoGP suspension technician and former World Superbike crew chief Craig Cummings was used as a reference based on both race paddock and motorcycle knowledge in order to better understand what feeling could help or hinder a certain rider like Melandri depending on how these parameters changed.
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Fig.19 – How Different Geometric Parameters Affect Motorcycle Stability (Cossalter, 2006)
The caster angle (also known as rake angle) of the motorcycle (shown in figure 17) can be changed at a race track on a race weekend by changing the offset of the triple clamp of the motorcycle, meaning there could be a difference in caster angle between the two bikes in question. The value of the caster angle in a road legal Panigale 1199 S (shown in figure 21) taken at the sag position (as all measurements in this section are) is 23.22 degrees, something rather small when compared with the specification data from a Yamaha R1 from the 2008 British Superbike Championship - measured at 23.66 degrees (data for the R1 is shown in figure 20). This shows that this is not the sole issue causing the instability, but it does mean however that the motorcycle will be agile, this is something which could suit Melandri’s riding style (Cummings, 2020). The wheelbase of the motorcycle is also relatively short compared to the Yamaha (1435mm to 1454mm respectively) with a significantly smaller trail (97.5mm compared to 103mm) supporting the idea of the bike being agile, however it is likely the bike could’ve been changed to suit Davies’ style making it longer and giving more stability (Cummings, 2020). The biggest interest now comes from the centre of mass height of the motorcycle, due to its large effect on stability, something which is very rider specific when it comes to race weekend setup (Cummings, 2020). The centre of mass can be changed from its original setting by altering the ride height of the motorcycle and therefore decreasing or increasing the height of the centre of mass position. In order to increase the motorcycle’s agility even further to what Melandri is looking for in the slower to medium corners, it is possible that he could be increasing the ride height of the bike (Cummings, 2020). Chaz Davies may not have to do this due to his physical stature meaning he finds it easier to manoeuvre the bike using his strength and longer limbs, whereas Melandri could struggle in this area due to his shorter height. This increase in ride height needed for Melandri in turn increases the instability of the motorcycle at higher speeds, as proven by engineer Vittore Cossalter in figure 19. It also could be causing the violent wobble and explains why it is found only on the straights in comparison to feeling no such problems in the lower speed corners. In conclusion, it is likely that the high speed instability roots from a design issue in that the bike was not designed for a rider such as Marco Melandri and this is then amplified by the setup problems caused by Melandri searching for the correct feeling he wants from the bike.
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Fig.20 – Geometry Spec Sheet for the 2008 Yamaha R1 (Cummings, 2020)
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Fig.21 – Geometry for Ducati Panigale 1199 S Drawn in Solidworks (Przibylla, 2019) 

2.4.3 Engine Balance
Balance is something very important within motorcycling as the whole process of riding a motorcycle is partially down to balance, so once an area of the motorcycle becomes out of balance this can become a large issue when looking at vibration. As previously mentioned in this report, the engine is one of the main causes of motorcycle vibration and so it is of paramount importance that this is as balanced as possible to reduce the magnitudes and frequencies of the vibration felt by the rider. In order to balance the engine a process known as crankshaft balancing is done to make sure the moments, caused by the inertia and centrifugal forces in the engine, are balanced. This is done by either using the centre of mass of the crankshaft or adding a new component called a balance shaft, to the engine with the sole purpose of balancing out some of the moments that cannot be done using the engine alone. The process of crankshaft balancing is based on a single cylinder engine and can then the process can be applied to any type of engine. This mathematical process is shown in full in appendix 2.
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Fig.22 – Diagram of Balanced Single Cylinder
There are specialist cases when designing an engine where some vectors may also cancel each other out naturally due to the different engine bank angles. One such case is in a 90-degree V-Twin (both conrods on the same crankpin) where the reverse vectors for each cylinder will cancel out due to them always being equal and opposite, meaning there is no need for a balance shaft to be included (McDonald, 2020). Reverse vector 2 is along the crankpin because this is also along the cylinder axis of bank 2, meaning the angle is at zero. Meanwhile, reverse vector one is 90 degrees behind bank 1’s axis due to the forward vector being 90 degrees in front of bank 1. An example of this engine is shown in figure 23 below. The same effect is seen on the 90-degree V4 style engine used by MotoGP teams such as Honda and Ducati, with this engine formula hailed as the closest you can get to a perfectly smooth racing engine (Spalding, 2019). Other formulas such as the in-line four cylinder, used by Yamaha, is not as smooth as expected with the cross-plane crankshaft generating a secondary rocking couple, which creates imbalance and causes the need for a balance shaft (Spalding, 2019). This difference in smoothness could cause better performance over a race distance for a V4 engine due to less vibration-caused effects, this backed up by the fact V4 engines have won 44 out of the last 50 MotoGP races (Oxley, 2020).
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Fig.23 – Diagram of Force Vectors in 90-Degree V-Twin Engine
A notable incident of engine balance becoming an issue was recalled by MotoGP Engineer Craig Cummings, in the interview previously referenced in section 2.4.2, where the importance of balance was highlighted while working as a race mechanic with rider Kurtis Roberts at Team Roberts. The incident occurred in a practice session for the 2004 British Grand Prix at the Donington Park circuit with Roberts riding the Proton V5 motorcycle. On the first exit of the first practice session, after the bike had been rebuilt at the Banbury factory following the previous race, the gear that was attached to the balance shaft was not fitted in the correct point. This meant that the engine was 120 degrees out of phase, hence causing huge vibrations from the engine due to it being unbalanced. The vibrations were stated to be so bad, that on the first lap out of the pits Roberts came back in after being physically unable to hold onto the bike at higher RPMs down the straights, with his hands slipping off the handlebars and feet vibrating off the foot pegs (Cummings, 2020).  This just proves further how dangerous vibration can be and how crucial it is to make sure the engine is as balanced as possible, especially on a motorcycle.

2.4.4 Chatter
All objects, such as parts on a motorcycle, have a specific natural frequency depending on their structure. If another object is vibrating at this distinct natural frequency and comes into contact with the original object, a violent vibratory reaction occurs known as resonance (Resonance - Definition, n.d.). This is also known in a motorcycle sense as chatter. The main structural elements on a motorcycle such as the chassis are known to have natural frequencies between 16 and 23 Hertz (Spalding, 2019), something that can be tested using Laser Doppler Vibrometry (see section 4) or checked using Finite Element Analysis. The main point of chatter in a racing motorcycle comes from the natural frequency of the tyres depending on their structure, the chatter causes vibration through the tyres which causes the rider to feel the phenomenon known as chatter (Spalding, 2019). The chatter also is very rarely felt as a linear vibration and it is normally always felt coming in or out of corners at high lean angle and maximum grip (Cummings, 2020). Other parameters in the bike besides the tyres also attribute to chatter, such as suspension spring rates, which is why most top engineers consider how the natural frequencies of suspension affect chatter when designing their motorcycle. This issue can be worked around by changing either the natural frequency of the chassis or the tyre through some redesign work. One way of doing this is adding stiffness in areas of the chassis, although making chassis changes could cause other unwanted issues with how the motorcycle responds even though the chatter is removed. 
2.4.5 A Solution – Mass Damper
Despite the issues with vibration in the racing paddocks over the last few years, one solution has been developed by the Ducati team in order to combat issues such as chatter caused by vibration. This solution is the addition of a mass damper, the damper is designed to vibrate out of phase with a main structure in order to dampen vibration (Spalding, 2019). Despite Ducati becoming the pioneers of this device, it was in fact Team Roberts who initially discovered its uses accidentally while mounting their data logger in the rear seat unit of their machine (Spalding, 2019). When the data logger was then removed from the seat unit for the race the bike would inexplicably chatter throughout the race, something which perplexed engineers. However, this chatter was due to the natural frequency of the chassis changing and hence changing its reaction to different vibrational frequencies. Once Ducati tested this idea back in 2017 (Scarborough, 2018), other teams noticed it’s uses and started to copy their idea in their own way, by moving some of the championship’s tv broadcast equipment (which every motorcycle must carry) to the seat unit of their bike. However, Ducati have done extensive testing to understand exactly how much effect their mass damper has, and it is possible that they could be using some form of semi-active damper as opposed to just a ballast placed in their seat unit. Although nobody other than Ducati knows what is in their seat unit, it is understood by some MotoGP technical journalists that it could be a similar system to what is used in adjustable car suspension systems, involving magnetorheological fluids (Spalding, 2019). These fluids get thicker or thinner depending on the electrical charge being sent through the fluid, hence changing the damping done by the seat unit to cover a range of different frequencies – something very useful over the course of a race lap or even a full 45 minute race distance. 
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Fig.24 – Ducati’s Suspected Mass Damper System (GPone.com, 2019)
3. Analysis of On-Track Data
The first half of the two main planned analytical sections of work involved analysing some data collected from a motorcycle data logger in order to see if any vibrational issues could be noted. The data used in this exercise was from the Ducati Panigale 1199 S (the same vehicle discussed in section 2.4.2) as it underwent a test session around the Donington Park circuit in Leicestershire and was analysed using the 2D Data Logging software. The motorcycle was fitted with accelerometers placed on the seat unit in order to measure the magnitudes of vibration that the motorcycle is experiencing. The previously researched Fast Fourier Transform (FFT) method (section 2.2.3) is then used to analyse the data in terms of frequency instead of time. This area of the project brings a lot of the previously conducted research into use, as the data can be analysed to detect any previous issues such as chatter, weave or wobble. Due to the Panigale being a 90-degree V-Twin it should be good in terms of having minimal vibration without the need for a balance shaft, as explained in section 2.4.3, however it is still worth looking at the data to check how big the vibration actually is. In the data shown the x-axis is pointing in the forward direction, the y-axis is pointing to the sides and the z-axis is pointing directly downward, meaning they are associated with the roll, pitch and yaw of the bike respectively.

3.1 Idle Vibration
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Fig.25 – FFT Analysis of Motorcycle at Idle Speed

The first piece of analysis done was on the motorcycle while sat idling in the pit lane after being on track. Due to the bike not moving at this point there are no vibrations caused by the bike running on track and so the sole cause of any vibration found via FFT is the engine. In figure 26 the acceleration in the y-axis is shown in purple, with the RPM of the machine in yellow and the current gear in blue. At idle the motorcycle was running with an RPM of around 1500-1600, this can be converted into a value of frequency, in Hertz, using the relationship found in equation 8. Using this relationship the idle RPM equated to 25-27 Hertz, this is proven by the peak at this value in the FFT chart in figure 25 showing vibrational magnitudes in the y-direction of around 0.2 m/s2 and also supports the idea of the Panigale having a smooth engine due to it being a 90-degree V-Twin. There is also a large peak at around 46 Hertz, although this is likely due to the rider getting off the bike with the accelerometer measuring this due to it being placed underneath the seat. Unfortunately due to the data only being measured up to a maximum frequency of 50 Hertz it was impossible to analyse data at higher RPM values, although this is something that can be investigated when more data is gathered in the next year of the project. 

Equation 8

3.2 Average & Maximum Magnitudes 
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Fig.26 – Min-Max Table for Vibration in All Axes

Figure 26 shows a min-max table created in the 2D Data software showing vibrational magnitudes for all three axes which is relatable back to the EU vibration directive shown in figure 5 from section 2.3.1. The table shows maximum values high above the allowable EAV and ELV shown in figure 5, meaning riding this motorcycle in these conditions for a signficant time can pose a health threat, even though the average taken isn’t very high. The average in this case however does also take into account that some values measured are negative due to the direction of the acceleration and so this may cause some error in the calculation process meaning the average magnitude may well be higher than what is shown in figure 26.
3.3 Handling Issues
Due to the Panigale being a road bike and it not being pushed hard during this test it is difficult to find some of the handling issues that are easily notable when a race bike is pushed to its limits. As a cause of these issues, no evidence of wobble or weave could be found when analysing the z-axis of the data. This may also be due to the fact that this is a road bike and so is designed to be more stable for road riders, although high speed weave is very rarely found in race machines now too due to the higher stiffness in the modern chassis (Bradley, 2018). However, some vibration-caused handling issues were found when analysing the data such as vibration-induced chatter found in the y-axis. Vibration from chatter normally occurs at around 20 Hertz (Cummings, 2020) and at a high value of lean angle (in this case 42 degrees) where the motorcycle is experiencing maximum grip levels, both these factors are satisfied by the evidence shown in figure 27 – found at turn one at Donington Park. The chatter can be noticed by the large number of little peaks within a small timeframe in the front suspension trace (orange line in figure 27) showing that the front wheel is vibrating over this small time period.  The peak shown at around 20 Hertz shows a magnitude of around 0.3 m/s2, however this number is not large and is mainly due to the fact the accelerometer is positioned on the seat and therefore a much more violent vibration would be felt on the handlebars. This is something that would need to be proven through more on-track testing by placing an accelerometer on the handlebars, however this is most likely the reason for the low magnitude.
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Fig.27 – FFT Analysis Showing Evidence of Chatter
As previously mentioned, there is no evidence of wobble and weave taking place in this data although it would be possible to find them if a race bike, as opposed to a road bike, was ridden and was pushed toward its limit. In order to find wobble and/or weave the z-axis would have to be analysed using FFT and refer back to the previous research section in order to find the correct frequency peaks caused by the instability from wobble or weave. This could be done using parameters such as steering angle and the suspension traces seen in figure 27. Wobble could be found using the small peaks over a small time period in the steering angle trace, very similar to those in the suspension trace for chatter, while the front suspension trace for wobble would be very low with the wheel almost off the floor. This however would need to not be confused with a small wheelie on the exit of a corner (seen in figure 28), where the steering angle changes suddenly due to the wheel being off the floor and hence the wheel being very light and moving side to side easily. The front suspension trace (orange line) in figure 28 is negative due to the wheel being off the floor (where no orange line is visible) and so the front suspension is fully extended, the front wheel speed (red line) is also much slower than the rear wheel speed (green line) due to the front being off the floor. There is also a noticeable big spike in the suspension trace as the wheel hits the floor again causing the front forks to compress quickly.
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Fig.28 – FFT Analysis Showing Evidence of Wheelie on Corner Exit
3.4 Track Bumps
One of two main causes of motorcycle vibration is bumps on the surface and the Donington Park track is no exception to this with quite a few examples of spikes in vibration magnitude due to bumps on the track. One of many pieces of evidence of these bumps is shown in figure 29 where at turn 2 the bike experiences some undulation and perhaps runs over the kerbs, shown by the front suspension trace in orange. These bumps give a large amount of vibration in the y-direction providing a peak of near 1.3 m/s2 at a frequency of around 25 Hertz at the seat unit, meaning it is likely to be greater than this at the handlebars as this is closer to where the bump has its initial impact with the front wheel. More evidence of the bumps taking effect is shown in figure 30 later in the very same lap at turn 4 where a very similar peak is formed to the one shown in figure 29. This peak however is slightly smaller in magnitude meaning the bump in this section may not have been as big and is at a slightly higher frequency of 28 Hertz. There are also other smaller peaks shown at this point at around 15 and 38 Hertz, this could be from other bumps in a similar area of a smaller magnitude or this could be vibration from other smaller sources such as rider movement on the seat unit.
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Fig.29 – FFT Analysis Showing Evidence of Bumps Causing Vibration
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Fig.30 – FFT Analysis Showing More Evidence of Bumps Causing Vibration
4. Pandemic Impact
This is a section that has certainly not been included in many major project reports over the past years. However, the coronavirus pandemic is something which has unfortunately notably impacted this project. The main way in which the virus has impacted the project was the lack of access to the university workshops and equipment within the workshops after the university closed these areas in mid-March, with still around a month to go until the original deadline on April 20th, this meant all the physical and practical work that needed to be completed could no longer be done. 

The first of the tasks that could not be completed was one of the biggest sections of work in this year’s part of the project. The task was to conduct a test using the Ducati Panigale 1199 S motorcycle (analysed in section 3) and the Laser Doppler Vibrometer equipment that was stored away in the workshop. This test was due to be completed the week after the university shut, following conversations with lecturer Kelvin Lake. The other task that was to be completed also potentially used the Ducati Panigale 1199 S, however this was still to be confirmed, and involved conducting some more work based around crankshaft balance (section 2.4.3) such as gathering engine measurements in the workshop to give a mathematical example of a crankshaft balance for a bike. Unfortunately, due to the workshop access this wasn’t possible to complete. 
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Fig.31 – Ducati Panigale 1199 S (motorcyclespecs.co.za, n.d.)
The aim of the LDV experiment was to measure the natural frequencies of each part or a subassembly of the Panigale. This can be done using two methods, the first one being suspending the chosen part in the air and hitting it in multiple areas to record the frequency it vibrates at. This is done by pointing the laser at certain points on the part, depending on the shape of the selected area of the part where the dots are aligned in specialist software (shown in figure 33). The positioning of the part then changes due to it being hit, this in turn changes the velocity and displacement of the laser light response heading back to the machine - hence determining the frequency (Polytec, 2012). The results of this type of experiment can be seen in figure 34 where the large peak at around 115 Hertz denotes the natural frequency of the component being measured. The other method of doing this would be to set the LDV equipment up similarly, however instead of hitting the part, the motorcycle can be ran on the dynamometer with the engine providing the vibration instead. This would allow for some more accurate analysis with the bike being subjected to the real magnitudes of vibration it would feel while being ridden. This process (known as modal alignment) is usually done by Design Engineers to analyse if any similar frequencies between parts are noticed, and if so, the design can be altered slightly to avoid the previously discussed issues such as chatter (Lake, 2020). This is done by either altering the stiffness or mass of a part in order to change the frequency in accordance with the relationship shown in equation 9 below. Once these natural frequencies were collected, they could then be analysed in accordance with the modal alignment process in order to determine if there is one part of the motorcycle causing large vibrational issues due to contact with other parts of the same natural frequency – hence paving the way for some design changes.

Equation 9
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Fig.32 – Laser Doppler Vibrometry Equipment (atecorp.com, n.d.)
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Fig.33 – Laser Dot Alignment in LDV Experiment (Januario, 2020)
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Fig.34 – Natural Frequency Results from LDV Experiment (Januario, 2020)

5. Conclusion & Improvements
5.1 Problems Encountered
It has been explained throughout this report that not all work that was aimed to be completed throughout the year was done due to the coronavirus crisis and other time management issues. If this project was to be restarted from the beginning something that would have been considered further was the effect of other assignments due as part of the degree throughout the academic year and how much time they required. Unfortunately, the time required was unknown before the work was being completed. The first semester was largely successful due to a small number of assignments having to be completed during this period, this allowed the majority of research to be completed in order to set up the project well for the second semester. Once these other assignments took place it was impossible to complete any meaningful analysis work meaning this would be pushed back until the bulk of assignments in January and February were over, unfortunately as this hurdle was overcame the coronavirus crisis hit in March as detailed in chapter 4 and derailed the project.

5.2 Progress Made
Despite the time management issues a lot of forward progress was made with only one real task putting the project behind as the LDV test was not completed. As explained in the introduction to this report, vibration in motorcycles is not a widely talked about subject and so all of the research conducted was of paramount importance in order to understand the background behind vibration in general and then how this applies to motorcycles. Looking at the theoretical work and testing completed in this area before by other engineers was also of interest to understand their findings and what they meant when relating back to the aims of this project. As this project is due to last two years, there is also scope for more research next year into various papers that were not included within this report to fit with its limited size. The analysis from the data logger in chapter 3 was also a large success, backing up the elements such as the vibration-caused handling issues detailed in the research section. The only disappointment in that chapter was that no evidence of wobble or weave was found due to the bike not being pushed hard enough, however this can be changed in the next year of the project if the bike is taken testing with a rider who can push it to its limits.




5.3 Next Steps
As stated throughout this report this is not the end of this project and following what was a successful first half of the project, despite the timing issues, the second half of the project can now be planned over the summer ready to be completed as part of the Master’s Degree. One of the first steps of this continuation is to complete the LDV testing within the first month of returning to the university campus in order to reach the point the project should have been at before the summer break. It would also be useful to conduct an LDV test on one of the race bikes in the workshop as a form of comparison between designs. The time over the summer break will then be used to gain some more knowledge on the subject via research. One particular area of interest would be engine mounting as its likely this can affect the way the vibration travels through the frame and comes into contact with the rider, perhaps a new way of mounting an engine could also be designed to reduce the vibrational issues caused in this way. After the LDV tests have been completed the main idea would be to try and design some sort of improvement for a bike and, so long as the FEA tests prove the design works as planned, the next step would then be to produce a physical prototype. The bike could then be taken to the track with a rider that can push the bike as hard as possible, with the aim being to run a back to back test with the original bike fitted with accelerometers and then fit the newly designed part and run the bike again. Verbal rider feedback could then be gained on the difference in feeling, as well as analysing the data logger data to see if the numbers produced throughout the test make sense in connection with the theory. Some setup changes could also be made to tune the bike at the track in order to further reduce the vibrations and see what impact this has on the handling of the bike through the rider’s comments.

Overall, despite the project’s flaws during the middle of the academic year, a good amount of progress has been made throughout this first half of the plan. This sets the project up well for an exciting second half, which should hopefully yield some interesting and thought-provoking results.
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7. Appendices
7.1 Appendix 1 – Wobble & Weave Derivations
The starting equilibrium equation shown in equation 10 is based around the steering axis and is linked to the diagram in figure 17 in section 2.4.1. This equation is then changed to replace the lateral force acting on the tyre with the formula used to calculate the slide slip angle (equation 12) as it is proportional via the constant , this is shown in equation 11 with the change to equation 10 shown in equation 13.


Equation 10


Equation 11


Equation 12


Equation 13

The time dependence factor in equation 13 is eliminated for equation 14 by introducing an oscillation solution, this then gives the eigenvalues for Wobble from the solution shown in equation 15. 


Equation 14


Equation 15

For weave the process is similar except the equilibrium equation for the beginning is much more simplistic, it includes the yaw velocity as opposed to steering velocity and rear trail is used as a substitute for the normal trail used in equation 10, as shown in equation 16. The slide slip angle for the rear section of the bike is then also calculated (equation 17 and 18) using equations nearly identical to those in equations 11 and 12. That newly formed relationship is then used in order to create equation 19 by replacing some parts of equation 16, the remaining components are then set equal to zero by removing the time dependence factor and introducing the oscillation solution. This is then solved producing the roots in equation 21 similarly to those in equation 15.


Equation 16


Equation 17


Equation 18


Equation 19


Equation 20


Equation 21




7.2 Appendix 2 – Crankshaft Balance
In order to conduct a crankshaft balance, the moments in question must first be understood. The first of these is from the centrifugal force (equation 23) acting on the crankshaft as part of the rotating mass (equation 22) surrounding it – i.e. the lower end of the conrod. The centrifugal force is then combined with the inertia force (equation 25), which uses the reciprocating mass of the piston assembly (piston, gudgeon pin and circlips) with the conrod (equation 24) in the same way the centrifugal force uses the rotating mass. This inertia force is split into two constant amplitude counter rotating forces, one forward and one reverse meaning the actual component of each force is half of the value shown in equation 25. This inertial force is combined with the centrifugal force to form the forward vector shown in equation 26 that will always act in line with the crankpin. The reverse vector is the same except it does not include the rotating mass and acts at an angle theta (the crank angle) anti-clockwise from the centre cylinder axis, i.e. the opposite direction to the forward vector. It is also worth noting that both these vectors are first order, meaning they move at the same RPM as the crankshaft. In order to 100% balance the first order forward vector it is set equal to the mass moment, i.e. the mass of the crankshaft multiplied the distance that the centre of mass of the crankshaft has been moved by in millimetres. It is important to note that the angular velocity, , on both sides can be cancelled out to give equation 28, this means that this is balanced no matter the RPM. 


Equation 22


Equation 23


Equation 24


Equation 25



Equation 26


Equation 27


Equation 28

The next step is to balance the reverse first order vector, there are two methods to this -either with or without using a balance shaft. If a balance shaft is added the reverse vector is set equal to the mass moment of the balance shaft (as seen in equation 29) in a similar way to the forward vector being made equal to the mass moment of the crankshaft in equation 28. However, not all motorcycle designers choose to add a balance shaft for various reasons such as saving space in the engine. To balance the engine without the addition of a balance shaft the forward vector is removed by creating a bottom vector, 180 degrees opposite from the forward vector, (shown in equation 30) that when combined with the forward vector is equal in magnitude to the reverse vector (shown in equation 31), hence balancing the horizontal component of the vectors. This would remove all vertical vibration that the rider would feel but leave some horizontal vibration due to an imbalance in the vector positions as the reverse vector is not positioned directly opposite to the bottom vector. This is why this idea is not used in cars but is considered useable by some motorcycle designers as the majority of engine felt by the rider is vertical (McDonald, 2020). 


Equation 29


Equation 30


Equation 31

First order forces are not the only forces in an engine that need considered however, as the second order forces also need balanced to reduce the vibration. The forces used for the forward and reverse vectors are shown in equation 32. The difference when considering second order forces are that due to the angular velocity being twice the size of the original velocity, the angle at which the vectors are positioned from the cylinder axis is also doubled. This means that the balance shaft equations are also different as shown in equation 33, with the simplified versions in equations 34 and 35. 


Equation 32



Equation 33


Equation 34


Equation 35

As previously mentioned however this is only for the single cylinder model and so it is then possible to apply this process to engines of any number of cylinders by creating a forward and reverse vector for each cylinder. The forward vectors will always remain on the crankpin as before, but the reverse vectors will change position depending on the cylinder axis for each vector. Second order forces are usually not a large issue unless they strike the natural frequency of a certain part of the motorcycle, for example the handlebars are especially prone to this issue. In order to stop this phenomenon, some designers add extra weight to each side of the handlebars to change the natural frequency (Robinson, 1997). This remedy is proven by the graph in figure 35.
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Fig.35 – Graph Showing How Adding Weight to Handlebars Effects Vibration (Robinson, 1997)
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